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ABSTRACT

The understanding to the sequence of the bases in a DNA molecule has widespread applications
both in medical research and biology and in homeland defense with huge political and economic
impacts. Biochemical techniques for DNA sequencing are complicated, expensive and time-
consuming, Hence, a method that can speed up DNA sequencing with reduced time consuming
and cost is very much needed in molecular biology and homeland defense. Optical methods have
been widely used for the detection of the characteristics of materials because of the high
sensitivity and accuracy of the methods. However, current optic or quasi-optic based techuigues
cannot provide the sequence information of the nucleotide bases in a DNA molecule, This is a
long-standing unresolved and important scientific and engineering issue. This research project
is devoted to resolve the long-standing unsolved and important scientific and engineering issue
by investigating the relationship between the vibrational modes and the sequence of the bases in
a DNA wire. A novel sequencer concept based on optical/quasi-optical method and electronics is
proposed and studied for the propose of ultra-fast DNA sequencing and RNA expression. The
results of this research will setup the basis for further engineering development of the proposed
label fiee DNA sequencer. In the past year (Aug. 1, 2011 to Aug 30, 2012), we have finished
numerical simulation of the characteristics of ssDANs for more than 6500 computing hours. This
annul research report summaries the main research results in the past year based on the
numerical simulation in the following aspects: Vibrational characteristics of genetic codons;
Energy Structures of Genetic Codons; Influence of codon interactions on the IR/THz spectral
and energy characteristics of ssDNA molecules; Crystal structures of short ssDNA molecules;
Chaotic and ultrahigh frequency Rabi oscillation in coupled-double-dot system.

I. INTRODUCTION

DNA sequencing is driving genomics research and discovery., The completion of the Human
Genome Project has set the stage for screening genetic mutations to identify disease genes on a
genome-wide scale [1], which is a milestone for the personalized and evidence-based medicine
in the 21st century. Here, accurate high-throughput DNA sequencing methods are needed fo
explore the complete human genome sequence for applications in clinical medicine and health
care. Current electrophoresis-based sequencing technology has been widely used in the
laboratories around the world although this technology is complicated, expensive, and time-
consuming. To overcome the limitations of the current electrophoresis-based sequencing
technology [2-5], a variety of new DNA-sequencing methods have been investigated. Such
approaches include sequencing by hybridization [6], mass spectrometry-based sequencing [7- 9],
sequence-specific detection of single-stranded DNA using engineered nanopores [10], and
sequencing by ligation [11]. More recently, DNA sequencing by synthesis (SBS) approaches
such as pyrosequencing [12], sequencing of single DNA molecules {13], and polymerase
colonies [ 14] have also been widely explored.




As well accepted in the community, optical based techniques have been extensively used in
the detection and discrimination of DNA and RNA since the 1960s because of the swiftness and
accuracy of the techniques in fingerprinting the molecules. Recently, there is enhanced research
interest into the absorption spectra of DNA by optic or quasi-optic techniques [15]. However,
optic or quasi-optic spectral analysis as traditionally employed (i.e., performed on large
ensembles or arrays of molecules) cannot provide complete sequencing information of the
nucleotide bases in a DNA/RNA molecular chain. This type of spectroscopic capability has
extremely important implications to bio-agent detection and identification and as such is of great
interest to the general scientific community, but remains largely unresolved at this time. Here,
while the measured spectral characteristics have definite physical links to the molecular
dynamies and structure, it is usually not possible to assign specific spectral signatures to an exact
series of base sequences even for the case of short DNA/RNA chains. For example, previous
studies have shown that quasi-optical analysis can be successful in the unambiguous detection of
very Jong-wavelength (i.e., terahertz frequency) vibrational modes that are present within
biological macromolecules that are dissolved in solutions [16]. However, because many of the
detectable modes are pervasive among molecules of differing base sequences even for short
chains, it becomes very difficult to achieve the unique assignment of the molecular structure
needed for biological detection and identification. The primary difficulty here is the lack of
detailed insight into the physical relationship between genetic sequence and the resuiting spectral
signature, It is well accepted that the major function of DNA is to store genetic information
used for protein synthetics. The genetic information is stored in the coding regions of all genetic
molecules (e.g., DNA and RNA) that are known to possess sequences made up of fundamental
units called codons, each of which consist of three bases [17]. This special type of structure
contains genetic information that is used for guiding protein synthetics because each codon is a
code for a specific amino acid. The interactions between chains of amino acids form the shape
and function of proteins. Codons offer a novel approach for more detailed interpretations of
spectral signatures collected from the target bio-molecules. Based on this point of view, if we
know the spectral signatures of individual codons (which there are only 64) and have detailed
insight into how series of codons interact to modify/augment the resulting spectra absorption
characteristics, then there is hope for linking these results to the molecular chain’s overall
structure. Hence, whether one utilizes this information in quasi-optical sensors, or alternatively,
in point sensors that infer the presence of phonon modes through their influence on electron
conduction, it offers a new potential approach for identifying the bio-targets that contain this
type of DNA/RNA. Therefore, insight into the dynamical characteristics of codons and the
interactions among codons are of crucial importance to spectral-based sequencing of DNA. The
essence of the research project is the implement of the physical characteristics of codons for
label-free DNA sequencing.




IL

RESEARCH PROGRESS

In the past year (Aug. 1, 2011 to Aug 30, 2012), our main research efforts focus on the
understanding to the intrinsic vibrational charactetistics of DNA/RNA molecules for the
development of the novel sequencer. Specifically, the research focuses are in the following
aspects: Vibrational characteristics of genetic codons; Energy Structures of Genetic Codons;
Influence of codon interactions on the IR/THz spectral characteristics of ssSDNA molecules;
Chaotic and ultrahigh frequency Rabi oscillation in coupled-double-dot system.

1. Crystal Structure of Short Single Stranded DNAs

A dipole-dipole interaction model and a graphical analysis technique is presented to qualitatively
explain the crystal structure of single stranded DNA (ssDNAs). Here, DNA codons, which
carrying the hereditary information for protein synthetics, are the fundamental units or blocks of
the crystal structures of ssDNAs. Hence, the electric interaction between the dipoles of adjacent
codons determines the overall form of the ssDNA while the base paring interaction modifies the
geometrical parameters. Furthermore, the H-bone interaction between bases on the backbone and
the Na' ion mediated base pairing interaction determine the aggregation of the bases on the
backbones of ssDNAs,

(d) E

Fig.1 Model of ssDNA ecrystal. (a) DNA codons are the building blocks of ssDNA crystals. The base
pairing interaction determines the aggregations of the bases on the backbones. (b). The interaction
between of the dipoles of the codons GCA ( py) and AGC () bents the backbone of the codon AGC by
the torque T = py X E; () the direction of the ssDNA GCA AGC is the sum of the individual codons; (d)
the interaction between the dipole of the ssSDNA GAC AGC and that of AGG ( pa); the torque T =p3 X E
bents the backbone of the codon AGG as shown in the figure. The direction of the torque is the sum of




the individual codons which approximates that from the ab initio calculation,
2. Vibrational Characteristics of Genetic Codons

The vibrational characteristics of DNA molecules is critical to the study of the relationship
between the IR/THz wave modulated current through the molecule and the sequence of the
nucleotides in the molecule. To this connection, we have theoretically investigated the
vibrational characteristics of all genetic codons for the significance of the codons in the storage
of bio-information in DNA molecules. This study reveals a number of important conclusions that
have scientific relevance to spectroscopic characterization of DNA molecules and the sequences
of the nucleotide bases in the molecules. The main results are isted below.

1) The absorption spectra of DNA codons in infrared regime shows two group feature, that is,
there is a spectral forbidden region in the spectra from 2000 em™ 0 3000 cm™ as shown in
the figure above. For the vibrational modes in the high frequency end of the specira, the
vibrational modes are localized. In the lower frequency end (100 cm™ to 2000 em™), the
vibrational modes changes from quasi-localized modes to collective vibrational modes. Here,
there is no one-to-one relationship between the vibrational modes and the spectral lines in
this frequency region. It is believe that the vibrational modes in the lower frequency end in
the region (THz frequency regime) are related to some fundamental biological processes.
However, the vibrational modes in this region are not suitable to the propose of optic-based
label-free DNA sequencing since there is no one-to-one relationship between the positions of
the nucleotides in the molecules and the spectral lines of the molecules.
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Figure 1 Typical spectral characteristics of DNA codons,

2) We have found that the spectra of the all DNA codons in gas phase in the high frequency
end of middle infrared regime can be classified into five semi-distinct spectral sub-regimes,




3)

namely: a) two end regions, two sequence identifier regions, and one region that separates
the sequence identifier region; b) The spectra in the high-frequency end-regions arise
primarily from vibrational modes associated with the O-H bonds at the 5°end or 3’ end of the
codons and the spectra in the low-frequency end-regions are formed primarily by the
vibrational modes of the backbone; ¢) In the lower-frequency side of the regime, the
sequence-identifier region is composed of the C-H bond stretch vibrations in the planes of the
corresponding DNA bases. In the higher-frequency side, sequence-identifier region is
composed of the N-I bond stretch vibrations in the planes of the corresponding DNA bases.
In the higher frequency side, the sequence-identifier region almost exclusively contains
vibrational modes due to coupling between the G nucleotides and other bases. All those of
the conclusions have been theoretically verified by first principle based numerical
simulations in HF approximations. The most important conclusion is: All vibrational modes
in the first sequence identifier region (N-I bond vibrational modes) and in the second
sequence identifier region (C-H bond vibrational modes) are localized on the corresponding
nucleotides. This property of the modes setup a one-to-one relationship, whiclt is crucially
important to optic-based label-free DNA sequencing techniques. This conclusion also
setups the foundation for the resolution of the above mentioned long-standing resolved

issue.

Interactions between the Bases on the Spectral Characteristics of the IR Absorptions :
Directional characteristics of the interaction between nucleotide bases In addition to the
characteristics of the vibrational modes mentioned above, all the vibrational modes in
sequence identifier regions (high frequency end in the region) shows the following features:
a) The spectral lines at high frequency end of the spectrum show “two group feature”; b)
There is a frequency forbidden region in the region with some exceptions; ¢) The number of
spectral lines increases while the nucleotide at the third place of a codon changes from T to

G.
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Figure 2 Absorption spectrum of DNA codon CGT in frequency domain 3100 em™~ 4200 em™,

3100

The spectral characteristics of the codons show directional characteristics because of the

interaction between nucleotide bases as shown in the figures below.
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Figure 3 Directional characteristics of the spectra of DNA codons 5-YXX-3' and 5-XXY-3". As shown in the figure, the
spectra of the codons with base Y at the 5' ends is greatly different from those of codons with Y bases at the 3' end. The
difference is caused by the differences of the conformations of the codons.

Relation between the number of spectral lines and the nucleotide bases

One of the most important conclusions of the research is the relationship between the
numbers of spectral lines in the first sequence identifier regions of the spectra of DNA
codons as shown in the figure below. Here, as shown in the figure, one T base contributes
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one spectral lines, one A base or C base contributes two spectral lines, and one G base

contributes three spectral lines. Hence, if the number of T bases in a ssDNA is Ny, the




number of C bases or A bases in a ssDNA is Ny or Ny, and the number of G bases in a
ssDNA is N, the total number of spectral lines in first frequency identifier region is
N = NT + Z(NC+NA) + NG

3. Sequence dependence of the energy structures of DNA codons

It is widely believed that next generation electronic chips made out of molecules encoding all the
information for the circuits. Electronic devices that naturally interface with biological tissues for
development of novel medical diagnostic tools and for functional electronic devices [18]. It
should be noted that all the technologies motioned above, DNA based information processing
technologies and DNA sequence specific detection and discrimination technologies, are all
related to the contact between DNA molecules and electrodes for information input and or
readout. Hence, the design of the electrodes of the devices is one of the crucially important issues
for the development of ultra-sensitive electrodes for information input/output and for detection of
bio-agents. Hence, the interaction between DNA molecules and the electrodes is one of the key
factors in the design of the electrodes.

It is well accepted that the genetic information is stored in the coding regions of all genetic
molecules (e.g., DNA and RNA) that are known to possess sequences made up of fundamental
units called codons [17]. Here, as we have discussed before, codons offer a novel approach for
more detailed interpretations of spectral signatures collected from the target bio-molecules.
Based on this point of view, if we know the energy structure of individual codons and have
detailed insight into how series of codons interact to modify/augment the resulting energy
structures, then there is hope for linking these results to the molecular chain's overall structure.
Hence, it offers a new potential approach for identifying the energy structure of DNAs that
contain this type of DNA/RNA. Naturally, the energy structures of the probe DNA could greatly
influence the transfer of charges from DNA molecules to the electrodes, thereby affecting the
sensitivity of the biosensing devices. Obviously, the energy structures of DNA codons could
influence those of the probe DNA's. Therefore, insight into the energy level structures of codons
and the interactions among codons are of crucial importance to design of electrodes of nucleic
acid based molecular devices,

Previous calculation results show that the sequence of nucleotide bases in a DNA codon can
greatly influence the HOMO and LUMO energies of the codons. If the third nucleotide in a
codon is changed from Pyrimidine bases to purine bases, the change of the energy difference
between the LUMO and the HOMO energies of the codons is big ranging from 0.01 eV to 0.08
eV which shows a strong sequence dependence. If the codons have the similar sequence, like
GGA and AGG, the interaction of the codons produce a large number of energy levels next to the
zero energy of the system. The change in sequence of the second codon, for example GGA and
AGT, could greatly influence the energy structure of the system. Specifically, the major
conclusions of the research are listed below.,




1) The HOMO and LOMO states of codons.

The calculation results show that the HOMO and LUMO states of the codons are generally
have the states shown in the figure below. Clearly,

0.35eV 0.33eV 0.32eV 0.29eV 0.27eV

Energy (eV)

GGA GAG GAT GAA

Figure 4 The HOME and LUMO states of DNA codons,

the HOME states of the codons are always located on the nucleotide bases. Specifically, the
HOME states are located on A base if the third letter of the codons is A. In contrast, the states are
located on the G base of the third letter is not A base. This figure shows clearly the sequence
dependence of the HOMO states of the codons. Generally, the LUMO states are located in the
backbones of the codons. The values of the energies of the states reduce if there are portions of
the states on the nucleotide bases, Moreover, the LUMO energy becomes negative if the state is
expanded over the whole backbone which greatly reduce the energy difference between the
LUMO state and the HIOMO state. It should be noted that the positions of the LUMO and
HOMO states will influence the state of the interacting codons.

2) Influence of the sequence of nucleotide bases on the energies of the codons
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For codon 5°-TTX-3’,

Figure 6 Variation of E\yno-Enonoe With the variation of the
sequence of nucleotides in DNA codons

The difference of the energies of LUMO and HOMO reduces

dramatically (~ 0.028 eV) when the third nucleotide C -> A; The change of the energy difference
when X changes from Purine Bases to Pyrimidine Bases (C,T} is small. For codon 5°-CTX-3’,
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For codon 5°-TGX-3’, In contrast to 5°-
GAX-3, the change of the energy difference is small when X is T or C. The change is big when
X changes from Pyrimidine Bases to purine bases or when X changes within pyrimidine bases.
For codon 5°-CGX-3°, 5°-AGX-3’, 5’-GGX-3°, the GA and GG pairs could increase the energy
difference. In contrast, the GT and GC pairs would like to reduce the difference

As shown in the figure, the change of the third base inside pruine bases leads to small energy
change. The energy difference is great when the third bases change from pruine bases to
pyrimine bases, for example, from T {0 A. For codon 5’-TAX-3’, the energy difference is great
when the third bases change from pruine bases to pyrimine bases, for example, from C to A. The
difference is also great when the third base changes from T to C; For 5-AAX-3’, the Energy
difference is small when the third nucleotides are pyrimine (T, C). The change is great when the




base changes from pyrimine to pruine base; For 5'-GAX-3’,the change is small when X are
pruine (A and G) and the change is big when X are pyrimine bases (T, C) and when X changes
from prumine (A) bases to pyrimine base (C)

4. Influence of Codon Interactions on the Energy Structures of ssDNAs

1} Origin of the Energy States of ssDNAs

0.2

Energy (eV)

Figure 8 Qrigin of the energy structure of ssDNA 5-GGA ATG-3'. As clearly shown in the figure, the LUMO state of the
ssDNA comes from the interaction between the LUMO-1(2) states of the codon 5-GGA-3' and the LUMO-1(2,3) of the codon
5. ATG-3'. The HOME state of the ssDNA 5-GGA ATG-3' is located at the G base next to the 3' end of the ssDNA, meaning
that the energy level comes from the interaction among the HOMO-1 state of 5-GGA-3" and the HOMO-1 (2, 3) states of the
codon 5“ATG-3"

As the building block of genetic molecules, the interactions among the DNA codons will
determine the energy states of the ssDNAs which are composed of the codons. Hence, the
understanding to the origin of energy states of ssDNA is an important biophysical issue. It is
also of importance to the detection of ssDNAs by modulation of the charge transfer inside of
the molecules and to the design of ssDNA based optical devices. Our numerical simulation
results show that the energy structures of ssDNAs can be explained in terms of multilevel
interaction model. The figure above illustrates an example and explains the model. Here, as we
can see that the HOMO state of the ssDNA 5'-GGA ATG-3' is localized at G base next to the 3'




end of the molecule. Hence, the HOMO-1 state of the codon 5'-ATG-3' should contribute the
most to the state. However, it is important to involve the states of HOMO-1 of 5'-GGA-3" and
those of HOMO-2 and HOMO-3 of 5'-ATG-3' so that the HOMO-1 state of the codon 5'-
GGA-3' can transfer to the G base next to the 3' end of the ssDNA 5'-GGA ATG-3". Hence, the
HOME state of the ssDNA 5'-GGA ATG-3' mainly comes from the interaction among the
HOMO-1 of 5'-GGA-3" and those of HOMO-1, HOMO-2, and HOMO-3 of 5-ATG-3'. Similar
conclusion for the LUMO state of the ssDNA 5'-GGA ATG-3' can be obtained by analyzing the
states of the codons in terms of the multilevel interaction model: the LUMO state mainly comes
from the interactions among the LUMO-1 and LUMO-2 states both from codon 5'-GGA-3" and
5'-ATG-3'.

2) Sequence dependence of the energy structure of ssDNAs

Since DNA molecules are composed of nucleotide bases, the sequences of the nucleotide bases
in the molecules are one of the important factors for the determination of the energy states of
ssDNAs. Here, the interaction between the codons is the key factor for the understanding to the
energy levels of ssDNA molecules. To talk about the interaction between the energy levels from
different codons, we should define when the interaction is strong and when the interaction is
small. Physically, the interaction between the states is deseribed by the overlap of the
wavefunctions of the states from different codons. Hence, if the states are localized in spatial
positions next to each other, the interaction is stronger. Otherwise, the interaction is smaller,
Based on this definition, we can analyze the sequence dependence of the energy states of
ssDNAs as well as the relation between the relation and the interaction between codons.

To discuss the sequence dependence, the energy structure of the ssDNA 5-GGA AGG-3' is
used as the reference in the following discussion of the relation. Here, the sequence of the first
codon 5'-GGA-3' is not changed. While the third base of the second codon is changed from G to
A, as shown in the figure, the LUMO state of the ssDNA 5-GGA AGA-3' is located in the
middle of the ssDNA. Considering the separations between the lumo-1(2) of 5'-GGA-3' and that
of lumo-1 (2, 3) of the codon AGG is almost the same and the states are localized in the middles
of the codons, the LUMO state of the system is mainly from the multilevel interaction which
places the state in the center of the ssDNA 5'-GGA AGA-3". This interaction does not reduce the
energy of the LUMOS state too much. The analysis of the HOMO state is similat to that
discussed above. As shown in the figure, the LUMO state of the ssDNA 5-GGA AGA-3' is
localized next to the 3' end of the molecule. Obviously, the state is mainly from the states of
HOMO-2(3) of 5-AGA-3" although there is a interaction between the HOMO-1 states of the
codons. Hence, the energy of the HOMO state of the ssSDNA 5'-GGA AGA-3' is not away too
much from those of the codons. All those factors lead to that the ssDNA 5-GGA AGA-3' has a
larger energy difference between the LUMO state and the HOMO state of the molecule than that
of the ssDNA 5'-GGA AGG-3".




Figure 9 Influence of the sequence of the ssDNA on the energy structure of the molecule, The reference sequence used for the

discussion is GGA AGG.
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Figure 10 Influence of the sequence of the ssDNA on the energy structure of the molecule. The change of the third base from

G to A in the codon AGG could lead to the increase ©

GGA AGA-3'.

f the energy gap between the LUMO and the HOMO states of the ssDNA 5’-




For the ssDNA 5-GGA AGT-3', whete the third base is changed from G to T as shown in the
figure, the energy difference between of the LUMO state and the [TIOMO state of the molecule is
smaller than that of the ssDNA 5-GGA AGA-3' but is greater than that of 5~GGA AGG-3'. As
shown in the figure, the LUMO states of the codon 5'-AGT-3' is almost the same as those of 5'-
AGA-3". However, the HOMO states are little bit different from those of 5-AGA-3'. Here, the
HOMO state of 5-GGA AGT-3" is in the A base of the codon 5'-AGT-3', which means that the
interaction between the codons here is stronger than that between the codons 5'-GGA-3' and 5'-
AGA-3'. Obviously, the interaction will push the HOME of 5-GGA AGT-3'to a higher place
which leads to s smaller energy gap between the LUMO and the HOME states of the molecule
than that of the ssDNA 5'-GGA AGA-3".
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Figure 11 Influence of the sequence of the ssDNA on the energy structure of the molecule. The change of the third base from G
to T in the codon AGG could lead to the increase of the energy gap between the LUMO and the HOMO states of the ssDNA 5'-
GGA AGT-3', However, the increase Is smaller than that when the G base Is replaced by an A base.

Considering the energy levels of the ssDNA when the second base changing from G to T. Here,
as shown in the figure, the interaction is mainly determined by the LUMO-1(2) of the codon 5'-
GGA-3' and the LUMO-2(3) states of the codon 5-ATG-3'. Hence, the interaction leads to that
the almost continnous LUMO states of the ssDNA 5-GGA ATG-3". Furthermore, the weaker
interaction between the LUMO-1 states of the codons places the energy of the LUMO of the
ssDNA 5-GGA ATG-3' on a place closer to the LUMO-1 of the codon 5'-GGA-3' because the
HOMO state of the ssDNA 5-GGA ATG-3' is in the codon 5-GGA-3' . From the spatial
distribution of the HOMO states of the codons we can see that the HOMO state of the ssDNA 3'-
GGA ATG-3' is mainly determined by the lower states of the HOMO states of the codons which
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Figure 12 Influence of the sequence of the ssDNA on the energy structure of the molecule. The change of the second base from
Gto T In the codon AGG could lead to the increase of the energy gap between the LUMO and the HOMO states of the ssDNA
5'-GGA ATG-3', which is similar to that in the ssDNA 5'-GGA AGA-3".
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Figure 13  Influence of the sequence of the ssDNA on the energy structure of the molecule. The change of the first base from A
to T in the codon AGG could lead to the Increase of the energy gap between the LUMO and the HOMO states of the ssDNA 5'-
GGA TTG-3". The change is smaller than that for 5-GGA ATG-3' or 5'-GGA AGT-3'




lowers the energy of the HOMO of the ssDNA 5-GGA ATG-3' and leads to a larger encrgy
difference between the LUMO and the HOMO energy states of the ssDNA 5'-GGA ATG-3".

When the first base of the codon 5'-AGG-3' is changed from A base to T base, the energy
difference between the LUMO and the HOMO states of the ssDNA is increased. Here, the
LUMO-1 states of the codons have the similar energy. Hence, the stronger interaction between
the energy level places the LUMO energy at the position lower than that of 5-GGA-3".
Obviously, the interaction is weaker because the LUMO-1 states of the codons are localized in
the center of the codons. For the IOMO states of the codons, the interaction between the
HOMO-1 state of 5-GGA-3" and that of the 5-TGG-3" is greater as shown by the HOMO state
of 5-GGA TGG-3' which rises the energy of the HOMO state. These results reduce the value of
the energy difference between the LUMO state and the HOMO state of the ssDNA.

5. Influence of water molecules on the absorption characteristics of DNA
codons

Hydration of DNA plays important role in its structure, conformation, and function, X-ray
crystallography, NMR, dielectric relaxation, and molecular dynamics simulation studies have
shown that a significant amount of water molecules are bound to DNA[19]. For example,
measurements of dielectric relaxation caused by water molecules bound to DNA in mixed water-
cthanol solutions have found that [20] water molecules per nucleotide are present in B-DNA, but
only [21] water molecules are bound in A-DNA. The study also suggested that a structural
transition of poly(dG-dC)poly(dGdC) DNA from its B to Z form takes place on the removal of
the bound water molecules, preferentially from the phosphate groups. Obviously, because the
water molecules may change the conformations of the ssDNAs, it is necessary to understand the
way that how do the water molecules change the relationship between the spectra and the
nucleotide bases in the molecules. In this study, the codon S-GAT-3"is employed as an example
for the investigation.

Figure 14 Crystal structure of DNA codon GAT. Figure 15 Crystal structure of DNA codon GAT with 33 water
molecules.




The above figures shows that the crystal structures of the codon GAT with/without water
molecules are greatly different. Specifically, the directions of the dipole moments for both cases
are different, almost in opposite directions. Obviously, this will lead to different vibrational
modes and different IR absorption modes. Moreover, as shown in the figure below, the energy
structure of the codon shows strong environment related features.
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Fig. 16 (a), (c), and () show the LUMO states of the codon 5-GAT-3' without water
molecules, with 20 water molecules, and with 33 water molecules, respectively. (b), (d), and (f)
show the HOMO states of the codon 5-GAT-3' without water molecules, with 20 water
molecules, and with 33 water molecules, respectively.

The main calculation results are listed below.

1) Influence of the water molecules on the crystal structures of the codon GAT When
water molecules are included in the simulation, the crystal structure of the codon changes
from the unclusterized structure to that aggregated on the backbone where the bases tends
to parallel to cach other. The number of water molecules greatly influences the direction
of the dipole moment of the codon, which means that the IR spectrum of the codon will
be changed.

2) The water molecules are mainly localized next to the hydrogen molecules of the
molecules. There is no water molecules in between the nucleotide bases and around the
backbone of the codon. Furthermore, there is no water molecules at the ends of the
codons.




3) The water molecules do not change the localization of the HOMO state of the codon.
However, they do change the LUMO state of the molecule. Here, as we can seen in the
figure, the water molecules relocate the state to the backbone and extend the state to the
A base. This action of the system will reduce the energy gap between the LUMO state
and the HOMO state.

The analysis of the numerical calculation results of the influence of water molecules on the
energy structures of ssDNAs and the vibrational characteristics of ssDNAs is in progress.

4, Chaotic and Ultrahigh Frequency Rabi Oscillation in a Coupled-Double-Quantum-Dot
Semiconductor System

The mechanism of the charge transfer inside a DNA molecule under the influence of THz
radiation is crucially important to the study of the relationship between the IR/THz modulated
current and the sequence of the nucleotides. As well accepted, the G DNA plays a role of
quantum well and T DNA acts as a potential barrier in the process of charge transfer inside a
DNA molecule. To this connection, in terms of density matrix theory, we have studied the Rabi
oscillation of the charge transfer in a coupled-double-quantum-dot system under a high THz
field, The rescarch results are not only suitable to semiconductor system but also to DNA
molecular system. For example, a DNA molecule with sequence of ATGGTGGTA is a
counterpart of the semiconductor coupled quantum dot system. The main results are listed
below.

1) The probability oscillation exhibits chaotic features as well as the characteristics of
collapse and revivals of the oscillations. Here, the nonlinear characteristic is due to the
multi-photon excitations of the electron.

2) The coherence time of the electron may be greatly extended through the collapse and
revival mechanism of the oscillations. The chaos-enhanced coherence may have
important application in quantum information processing.

3) The creation of the ultrahigh frequency oscillation of the electronic probability in each
probability step. This characteristics of the oscillation may have important application in
ultrafast quantum information processing.

This paper has been submitted to Physical Review Letters. The reviewers of the journal
presented some comments. The revision of the paper is in progress,

IIl. On-going Research and Future Work

1. Investigation of the conduction mechanism of charge in DNA molecules.




In our current research, we found that the number of the conductive channels of the electrons in a
DNA molecule and the magnetite of the transmission coefficients is greatly related to the length
of or the number of bases in the molecule. More interestingly, the conduction characteristics of
the charge verse the length of the molecule is not a monotonic function. The figure below shows -
the relationship between the transmission coefficients of the charge and the number of bases
clearly. This result is very important to information transfer in DNA/RNA and in bio-electronics.
It should be noted that the result is obtained in terms of the tight binding theory which ignores
the detail of the interaction between the nucleotides and that between the bases and the
environment. Currently, we are studying this issue in terms of density functional theory and
Green’s function theory for transport of charges inside a DNA molecule. This study will reveal
the answer to this issue and predict relationship between the conductivity and the length of the
molecule and the environment.

2. IR/THz absorptions of larger DNA/RNA molecules

As we have discussed above, the IR/THz absorption of a DNA molecule is of importance fo
label-free-optical-related DNA sequencing techniques. In previous research, we have studied the
characteristics of IR/THz absorption of DNA codons and found the general rules for the
identification of the codons in gas phase. Recently, we finished the geometrical optimization of
the ssDNA with three codons for the study of the influence of the interaction among codons on
the absorption characteristics of the molecule. Specified research topics in this research direction
include:

1) Influence of water molecules on the IR/THz absorption spectra of genetic codons.
2) The IR/THz absorption of
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IV,

3. Relationship between IR/THz modulated current and the sequence of

nucleotides in DNA/RND molecules
In task 1, we focus our research attention on the understanding to the mechanism of conduction
of charge in short tength DNA molecules (with four to fifteen bases). In this research task, we
will focus on the relationship between the IR/THz modulated current and the sequence of
nucleotides in the molecules. Here, special attention will be focused on the following issues.

1) Sequence dependent and IR/THz modulated current through a single DNA/RNA
molecule, This research aims at the relationship between the current and the sequence of
the nucleotides in the molecules,

2) How to increase the absorption of the radiation for the detection of the sequence
information through the measurement of the current through the molecule.

3) Sequence dependent and IR/THz modulated cwrent through a single DNA/RNA
molecule bonded on the surface of electrodes.

Publications and Conference Presentations

1. Submitted Papers

1) Chaotic and Ultrahigh Frequency Rahi Oscillation in a Coupled-Double-Quantum-Dot
Semiconductor System, Submitted to Physical Review Letters; Revision of the letter is in progress.

Abstract: The chaotic and ultrafast oscillatory characteristics of the probability of the electron in
a coupled-double-quantum-dot-based two-level system are studied in terms of density matrix
theory. The characteristics are due to multi-photon excitations of the electron and the related
coherent nonlinearity of the system. The chaos-enhanced coherence and the high frequency
characteristics of the oscillations may have important application to ultrafast quantum
information processing.

2) Sequence Dependence of Vibrational Characteristics of Genetic Codons {submitted to Applied
Spectroscopy)

Abstract: A theoretical study of the vibrational characteristics of all DNA codons in gas phase
is presented. The simulation results show that the spectra of the codons in the high frequency end
of the middle infrared regime can be classified into five semi-distinct spectral sub-regimes,
namely: two end regions and one region that separates the two sequence identifier regions with
features that arise primarily from coupling between the GG bases and other bases (T, C, and A).
This study reveals a number of phenomenological trends that have scientific relevance to
spectroscopic characterization of DNA molecules. For example, spectra in the high-frequency
end-regions arise primarily from vibrational modes associated with the O-H bonds at the 5 ' end
or 3 "end of the codons and the spectra in the low-frequency end-regions are formed primarily by
the vibrational modes of the backbone. Conversely, in the lower-frequency side, the sequence-
identifier region is composed of the C-H bond stretch vibrations in the planes of the




corresponding DNA bases, and in the higher-frequency side, sequence-identifier region is
composed of the N-H bond stretch vibrations in the planes of the corresponding DNA bases. In
addition, the sequence-identifier dividing region almost exclusively contains vibrational modes
due to coupling between the G nucleotides and other bases. As will be shown, all the vibrational
modes in sequence identifier regions are localized at the corresponding DNA bases and exhibit a
definable dependence on the sequence form of the codons under study. In addition, the
simulation results also show that all the vibrational modes in sequence identifier regions (high
frequency end) shows the following features: a) The spectral lines at high frequency end of the
spectrum show “two group feature”; b) There is a frequency forbidden region in the region with
some exceptions; ¢) The number of spectral lines increases while the nucleotide at the third place
of a codon changes from T to G; d) The number of spectral lines in the first frequency identifier
region satisfies the relation: if the number of T bases in a ssDNA is Ny, the number of C bases or
A bases in a ssDNA is N or Ny, and the number of G bases in a ssDNA is N, the total number
of spectral lines in first frequency identifier region is
N = Ny + 2(N¢o+Ny) + Ng

2. Papers Finished and To be Submitted
1) Sequence dependence of the energy structures of DNA codons { finished, to be submitted to
Physical Review E)

Abstract: We have theoretically studied the sequence dependence of the energy level structures
of the genetic codons in gas phase. The calculated results show that the sequence of nucleotides
in a DNA codon can greatly influence the HOMO and LUMO energies of the codons. If the third
nucleotide in a codon is changed from Pyrimidine bases to purine bases, the change of the energy
difference between the LUMO and the HOMO energies of the codons is big ranging from 0.01
eV to 0.03 eV which depends on the structure of the first two nucleotides. If the codons have the
similar sequence, like GGA AGG, the interaction of the codons produce a large number of
energy levels next to the zero energy of the system. The change in sequence of the second codon,
for example GGA AGT, could greatly influence the energy structure of the system.

2) Influence of Codon Interactions on the Vibratlonal Characteristics of ssDNAs (finished, to be
submitted to Physical Review E)

Abstract: We have theoretically studied the influence of DNA codons on the sequence
dependence of the absorption spectra of ssDNA molecules in gas phase in high frequency end of
middle infrared regime 3000 cm™ ~ 4000 em™'. The calculated results show that the influence of
the codon interaction on the absorption spectra of the ssDNA molecules can be expressed in the
following aspects: all vibrational modes in the sequence identifier regions are localized at the
corresponding DNA bases, which is crucially important to optical-based label free DNA
sequencing techniques; A new group of spectral lines is created around 2940 cm™; The
intensities of the IR absorptions of all vibrational modes is reduced by the interaction; The
number of vibrational modes increases due to the interactions; In short wavelength Mid-IR




region, the interaction between DNA codons eliminates the C-H bond vibrational modes which
are localized in the corresponding nucleotides.

3) Influence of Codon Interactions on the Energy Structures of ssDNAs ({finished, to be submitted to
Physical Review E)

Abstract: We have theoretically studied the influence of the interaction DNA codons on the
energy structures of ssDNA molecules in gas phase. A multilevel interaction model is presented
for the explanation of the simulation results. The calculated results show that the influence of the
codon interaction on the encrgy of the ssDNA molecules is strongly sequence related, Here, the
Interaction between GGA and AGG may greatly reduce the energy difference between the
LUMO state and the HOMO state of the ssDNA. In contrast, the interaction between GGA and
AGA doesn't change the energy difference between the LUMO and the HOMO states of the
codon GGA too much. Generally, for the ssDNA 5'-GGA XYZ-3', the energy difference between
the LUMO and the HOMO states is the smallest when X =T,

4} Influence of Codon Interactions on the Energy Structures of ssDNAs (finished, to be submitted to
Physical Review Letters or Physical Review E)

Abstraet: A dipole-dipole interaction model and a graphical analysis technique is presented to
qualitatively explain the crystal structure of single stranded DNA (ssDNAs). Here, DNA codons,
which carrying the hereditary information for protein synthetics, are the fundamental units or
blocks of the crystal structures of ssDNAs. Hence, the electric interaction between the dipoles of
adjacent codons determines the overall form of the ssDNA while the base paring interaction
modifies the geometrical parameters. Furthermore, the H-bone interaction between bases on the
backbone and the Na ion mediated base pairing interaction determine the aggregation of the
bases on the backbones of ssDNAs
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